Proteinuria is a reflection of glomerular damage, but it also is a risk factor for cardiovascular disease, stroke, and end-stage kidney disease.[@bib1], [@bib2], [@bib3] It has also been associated with extracellular volume expansion and high blood pressure (BP) in various human populations.[@bib4], [@bib5], [@bib6] Multiple studies have examined the role of proteinuria as a risk factor for the development of elevated BP. A study involving normotensive adult men and women from Okinawa revealed the annual frequency for development of hypertension to be 2.4-fold higher in individuals with non-nephrotic range proteinuria at baseline.[@bib7] Examination of 9 potential biomarkers for hypertension risk in the normotensive, healthy male and female offspring of the Framingham Heart Study participants indicated that urinary albumin/creatinine (Cr), a marker of proteinuria, determined from a single-void morning urine sample predicted the development of hypertension with an odds ratio of 1.21.[@bib8] Another study revealed that higher levels of urinary albumin, despite being considered within the normal range, predicted incident hypertension in a population of healthy nondiabetic female nurses.[@bib9]

The relationship between proteinuria and BP is complicated because hypertension can cause renal damage resulting in increased proteinuria, and the development of essential hypertension does not require preexisting proteinuria.[@bib10], [@bib11], [@bib12] Studies involving patients with type 2 diabetes reflect this complicated relationship between proteinuria and hypertension. In the natural course of type 2 diabetes, microalbuminuria and elevations in BP are thought to occur at around the same time. BP in patients with diabetes and microalbuminuria is more sensitive to dietary salt intake than BP in patients with diabetes and normal urinary albumin excretion despite both groups having similar aldosterone and plasma renin activity levels.[@bib13] However, proteinuria is not consistently identified as a risk factor for incipient elevation in BP, and in some studies, elevated BP predicts the advent of microalbuminuria.[@bib14], [@bib15], [@bib16] Analyses of normotensive subjects with normal urinary albumin excretion in the Diabetes Control and Complications Trial study showed that higher urinary albumin levels, though still in the normal range, predicted incident hypertension.[@bib17] A similar finding was seen in a cohort of subjects without diabetes.[@bib18] These disparate results regarding hypertension predicting microalbuminuria versus microalbuminuria predicting hypertension may be related to the cut-off value that was used to define microalbuminuria.

Studies have suggested that activation of sodium (Na^+^) transporters in the distal nephron is responsible for the enhanced renal Na^+^ retention that is seen in proteinuric states and that Na^+^ retention in this setting does not require activation of the renin-angiotensin-aldosterone system.[@bib19], [@bib20], [@bib21], [@bib22] In rats with experimentally induced nephrotic syndrome, proteinuria-associated Na^+^ retention is attenuated by the epithelial Na^+^ channel (ENaC) blocker, amiloride, suggesting a role for ENaC in this process.[@bib22], [@bib23] Recent work has suggested that enhanced ENaC activation by filtered proteases may contribute to renal Na^+^ retention in nephrotic syndrome.[@bib24], [@bib25], [@bib26], [@bib27] Proteases activate ENaC by cleaving 2 of the channel subunits (α and γ) at multiple sites flanking embedded inhibitory tracts, releasing these tracts and transitioning the channel to higher activity states (for review, see Kleyman *et al.*[@bib28]). The protease furin, constitutively expressed in the trans-Golgi network, has an important role in this process. Furin cleaves the α subunit twice, releasing an inhibitory tract and transitioning channels from a low to a moderate activity state.[@bib29], [@bib30] Furin cleaves the γ subunit at a site preceding its inhibitory tract. Numerous other proteases, including plasmin, have been shown to cleave the γ subunit distal to its inhibitory tract, thus releasing this tract and transitioning ENaC to a high activity state.[@bib25], [@bib31]

Plasminogen is filtered by damaged glomeruli and can be converted to its active form, plasmin, by urokinase in kidney tubules.[@bib24], [@bib32], [@bib33], [@bib34] It has been suggested that tubular plasmin may be an important factor contributing to renal Na^+^ retention in proteinuric states by directly or indirectly (via activation of the tubular protease prostasin) cleaving and activating ENaC.[@bib26], [@bib27], [@bib35] Urine from patients with diabetes, preeclampsia, and nephrotic syndrome, often containing more than 100 μg of plasminogen plus plasmin (uPl) per gram of Cr (uPl/Cr), activates ENaC *in vitro*.[@bib36], [@bib37], [@bib38] If proteinuria leads to ENaC activation by plasmin and renal Na^+^ retention, ENaC inhibitors such as amiloride should serve as an effective tool to induce a natriuresis and improve BP in this setting. In addition to blocking ENaC,[@bib39] amiloride is also a urokinase inhibitor that will reduce the conversion of plasminogen to plasmin.[@bib40]

Although previous studies have examined the role of amiloride in low-renin hypertension[@bib41], [@bib42] and as an agent added to the conventional treatment of hypertension,[@bib43] there is limited clinical information regarding the impact of ENaC inhibitors on BP and volume status in the setting of proteinuria.[@bib44] In this setting, amiloride should block ENaC-dependent Na^+^ retention and subsequent volume expansion and hypertension. We performed a pilot study to determine the effect size and safety of amiloride as a therapeutic agent compared with hydrochlorothiazide (HCTZ) in individuals with type 2 diabetes, normal renal function, and proteinuria. The primary outcome for this pilot study was change in systolic blood pressure (SBP). Another goal was to confirm previous study findings that uPl is correlated with urinary albumin in this clinical setting.[@bib38]

Methods {#sec1}
=======

Participants {#sec1.1}
------------

Inclusion criteria for this study were a history of type 2 diabetes, age 18 to 80 years, presence of systolic hypertension or prehypertension at time of screening (average SBP ≥ 120 mm Hg and \<180 mm Hg), urinary protein/Cr ratio ≥ 100 mg/g or albumin/creatinine ≥ 100 mg/g at screening, and glycosylated hemoglobin ≤ 9% (as glucosuria would confound the endpoints related to natriuresis and diuresis). Exclusion criteria were as follows: serum potassium ( K^+^) level \<3.5 mEq/l or \>5.0 mEq/l at screening, history of hyperkalemia (serum K^+^ \> 5.5 mEq/l) in the last 2 years, estimated glomerular filtration rate \<60 ml/min per 1.73 m^2^ as determined by Modification of Diet in Renal Disease 4-variable equation, contraindication to use of HCTZ or amiloride, symptomatic heart failure, acute cardiac issues, cirrhosis, organ transplantation, dementia, evidence of poor adherence (as indicated by missed clinic visits), and large arm circumference.

Recruitment of Patients {#sec1.2}
-----------------------

The study sample consisted of male and female subjects with type 2 diabetes who were recruited through the University of New Mexico Hospital clinics (Nephrology Clinic, Endocrinology Clinic, General Medicine Clinic, and Pharmacy Clinic) and the University of New Mexico Clinical and Translational Science Center Patient Recruitment Services. Participants with type 2 diabetes and macroscopic proteinuria who were seen in the University of New Mexico Hospital clinics of the research investigators or identified from Patient Recruitment Services were invited to participate in this pilot study. The study protocol 13-017 was approved by the University of New Mexico Institutional Review Board. The study was recorded in [clincaltrials.gov](http://clincaltrials.gov){#intref0010} [NCT01804777](ctgov:NCT01804777){#intref0015}.

Objectives and Study Design {#sec1.3}
---------------------------

The study had a randomized, controlled, double-blind, single-center, crossover design. Orally administered amiloride in escalating doses of 10 to 20 mg daily was compared with HCTZ in doses of 12.5 mg to 25 mg daily for 2-week treatment periods ([Figure 1](#fig1){ref-type="fig"}). Responses to therapy were measured at the end of each treatment period with the assumption that any carryover effects from the previous treatment would be eliminated during a 4-week washout period. The University of New Mexico Hospital research pharmacist performed randomization and blinding and provided the study medications. Endpoint measurements were performed at the end of each 2-week active treatment period, with the exception of the 24-hour urine Na^+^ determinations, which occurred approximately 4 days after initiation of the study drug in order to measure natriuresis.Figure 1Flowchart illustrating the design of the randomized trial. BP, blood pressure; DBP, diastolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HCTZ, hydrochlorothiazide; qd, every day; SBP, systolic blood pressure.

Outcomes {#sec1.4}
--------

This pilot study examined feasibility and estimated preliminary effect sizes for the primary and secondary outcomes. Participants were closely monitored for development of hyperkalemia or hypokalemia, gastrointestinal intolerance, and acute kidney injury (increase in serum Cr \>0.5 mg/dl[@bib45]) to determine safety and feasibility of amiloride use for patients with type 2 diabetes and proteinuria. Adherence was measured by means of pill counts and self-report, and the target for adherence was use of \>80% of pills and high levels of adherence by self-report. The primary outcome was a change in clinic SBP, as determined by the OMRON Digital Blood Pressure Monitor (Omron Healthcare, Lake Forest, IL), and calculated as the average of 3 serial BP measurements taken 1 minute apart after 5 minutes of sitting quietly. Changes in volume status were assessed by measurements of weight and percentage of total body water using a body composition analyzer to demonstrate effect sizes on clinically relevant hypertension outcomes, such as volume status and urinary Na^+^ excretion.[@bib46] Na^+^ excretion was assessed with the 24-hour urine excretion of Na^+^.

Sample Size {#sec1.5}
-----------

The pilot study was designed to enroll 20 participants. Assuming an SD of change in SBP = 5 mm Hg, alpha = 0.05, we estimated having approximately 22% power to detect a difference in SBP change between the 2 treatments if they differed by 2 mm Hg. Regardless of the significance of a difference, the targeted sample size would have enabled the estimation of the effects of the intervention on SBP with a precision of about ± 2.4 mm Hg, thus enabling the design of a future study with acceptable statistical power if the magnitude of the estimates appeared to be clinically meaningful in this pilot study.

Randomization {#sec1.6}
-------------

The randomization was performed centrally by the University of New Mexico Hospital Research Pharmacy. Patients were allocated to the different treatment sequences using random numbers. The Research Pharmacy was responsible for coordinating and managing the investigational drug inventory, storage, distribution, and record keeping for this clinical research study and conducted this clinical trial by following established standard operating procedures for drug preparation and delivery (blinding of study patients and investigators).

Visit Schedule and Study Measures {#sec1.7}
---------------------------------

After the screening visit, a 1-month run-in period was included to assess changes in BP after withdrawal of diuretics (loop, thiazide, and K-sparing) and adherence to the study diet. All other antihypertensive medications and dosages were maintained during the study. During the run-in period, subjects met with the University of New Mexico Clinical and Translational Science Center study nutritionist to discuss eating habits and were educated on how to record their food intake, given examples of food choices, and established the study diet. Each participant was advised to adhere to an individualized diet including 1.1 g/kg protein per day, 70 mmol of Na^+^ (4 g), and 50 mmol of K^+^ (2 g) as prescribed by the dietician. Nutrition analysis of food diary records was performed using Nutrition Data System for Research 2012 (University of Minnesota, Minneapolis, MN). The nutritionist contacted subjects on day 14 and on day 30 to confirm compliance. Quality control reviews of dietary records were used to minimize missing nutrient values and errors. Participants were advised not to make any dietary changes during the course of the study except under guidance of the study dietician.

BP, weight, body composition, adherence, and adverse effects of therapy were recorded during clinic visits. The time of day for these visits was not standardized. Body composition was assessed by bioelectrical impedance analysis. Bioelectrical impedance analysis determines the electrical impedance, or opposition to the flow of an electric current through body tissues, which can then be used to calculate an estimate of total body water. Adherence to study medication was assessed by means of pill counts and self-report. At the end of the study period, the participants had a close-out visit with the study dietician and physician to return diet and BP regimen to their usual care in collaboration with each participant's primary physician.

Immunoblotting for Urinary Plasminogen and Plasmin {#sec1.8}
--------------------------------------------------

Urine specimens collected at the initiation of the study were used to determine relative amounts of plasminogen and plasmin, normalized to Cr (uPl/Cr). Urinary proteins were precipitated and de-salted with chloroform/methanol.[@bib47] The volume of urine precipitated was adjusted to optimize detection of plasminogen and plasmin from each patient by immunoblotting. Precipitated proteins were suspended in Bio-Rad 2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA), heated for 2 minutes at 90°C, and subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis on Bio-Rad Criterion TGX precast 10% polyacrylamide gels. For the purpose of separating plasminogen (relative molar mass = 88 kDa) and plasmin (relative molar mass = 75 kDa) bands on the gel, Bio-Rad Precision Plus Protein All Blue Standards were included in a gel lane, and proteins were electrophoresed until the 37-kDa standard reached the bottom of the gel. Proteins were electrophoretically transferred to nitrocellulose (Merck-Millipore, Billerica, MA) and incubated with a mouse anti-plasminogen antibody (MAB2596, R&D Systems, Inc, Minneapolis, MN) overnight and horseradish peroxidase--tagged secondary antibody (Jackson Labs, Bar Harbor, ME) for 90 minutes before incubation with PerkinElmer Western Lightning Plus ECL (PerkinElmer, Billerica, MA) and collection of the signal with a Bio-Rad Versadoc, as previously described.[@bib48] Bands for plasminogen or plasmin were quantified using Bio-Rad Quantity One software. Purified plasminogen (Sigma-Aldrich Corporation, St. Louis, MO) was run on each sodium dodecylsulfate gel to determine levels of plasminogen and plasmin in patient samples based on a standard curve. Immunoblot analyses were performed 3 to 6 times for each patient sample and used to calculate mean and SD.

Statistical Analysis {#sec1.9}
--------------------

We summarized patient characteristics as mean ± SD for quantitative measures and as number (percentage) for qualitative features. We assessed the primary study outcomes of feasibility by estimating the proportions of patients with hyperkalemia and the rates of study adherence for participants who were receiving each of the study treatments. Change in SBP and other study outcomes, within and between the low- and high-dose 2-week treatment periods were estimated and compared using mixed model analysis of variance to account for the repeated per-subject assessments. To determine whether uPl/Cr has a role in amiloride treatment effects, we performed an additional series of mixed model analyses of variance, comparing the degree to which uPl/Cr status was associated with treatment outcomes. This was achieved by testing for an interaction between uPl/Cr and treatment group. We estimated the degree of change observed for each treatment within groups stratified on the basis of uPl/Cr above or below 100 μg/g. Estimated effects from the mixed models are presented as mean ± SE, and all reported *P* values reflect 2-sided tests of significance. Analyses were performed with SAS software, version 9.4 (SAS Institute, Cary, NC).

Results {#sec2}
=======

One thousand four hundred eighty-five patients with diabetes were screened for study participation; patients were recruited from endocrine and nephrology clinics and a University of New Mexico Clinical and Translational Science Center registry. Most of these patients were excluded because of low levels of proteinuria or elevated glycosylated hemoglobin levels. Of those remaining after initial screening, 32 were eligible for study participation and agreed to an in-person screening visit. Of those, 23 were excluded because of elevated glycosylated hemoglobin levels and low levels of proteinuria. [Table 1](#tbl1){ref-type="table"} shows the participant characteristics at baseline. Mean age (± SD) was 58.4 ± 10.0, and 5 (56%) were women. Mean body mass index (± SD) was 32.2 ± 6.2 kg/m^2^, and mean albumin/Cr (± SD) was 1120 ± 780 mg/g. The participants had a mean (± SD) estimated glomerular filtration rate of 87.4 ± 20.4 ml/min per 1.73m^2^, and a mean SBP (± SD) of 132 ± 13 mm Hg. Seven (78%) of the patients were receiving an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker, and the number of antihypertensive agents was 1.6 ± 1.3. Adherence to study protocols was medium to high for 7 of the 9 patients completing treatment with HCTZ. Adherence was similar for those completing the amiloride treatment protocol, with 5 of 7 patients reporting medium to high adherence.Table 1Characteristics of participants on enrollment in the studyAll subjectsAmiloride--HCTZHCTZ--AmilorideN%n%n%**Females**555.6480.0125.0**Caucasian**444.4240.0250.0**Asian**111.100.0125.0**Hispanic**555.6480.0125.0MeanSDMeanSDMeanSD**Age (yr)**58.410.056.413.261.04.3**BMI (kg/m^2^)**32.26.228.32.537.16.1**Albumin/Creatinine (mg/g)**1120780107065011701030**Weight (kg)**84.021.368.77.6103.116.1**Creatinine (mg/dl)**0.80.30.70.21.00.2**Potassium (mmol/l)**4.40.44.20.44.60.2**Mean SBP (mm Hg)**132131232012619**Mean DBP (mm Hg)**80.38.175.13.975.011.3**eGFR (ml/min)**87.420.492.623.077.414.8[^1][^2]

[Table 2](#tbl2){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"} summarize the mean SBP estimates observed at treatment initiation and over the subsequent 4 weeks of treatment, during which patients received the lower amiloride or HCTZ dose for 2 weeks and subsequently received the higher amiloride or HCTZ dose. The within-person decline in SBP, estimated from the linear mixed-effects model over the first 2 weeks after treatment, was 8.0 ± 4.4 mm Hg in the HCTZ group and 5.1 ±4 .5 mm Hg in the amiloride group, with a resulting treatment difference between the amiloride and HCTZ treatment groups of 2.9 ± 6.3 mm Hg. Over the full 4 weeks of treatment, those in the HCTZ group experienced an estimated decline of 10.2 ± 4.4 mm Hg, and those in the amiloride group experienced an estimated decline of 0.5 ± 4.6 mm Hg. Those treated with HCTZ experienced a 10.2 ± 7.5 mm Hg greater decline in SBP over the 4 weeks of therapy than those treated with amiloride. However, these changes in SBP over time did not differ significantly by treatment (*P* = 0.15).Figure 2Trends in study outcomes over the course of the randomized trial. Plots of observed trends in outcomes for each study participant (gray lines) and of estimated trends in means (heavy black lines). The 95% confidence intervals are shown for the time-specific estimates (vertical lines). Solid lines represent results observed during treatment with amiloride, and dashed lines represent results observed during treatment for hydorchlorothiazide. (a) SBP results, (b) serum potassium (K^+^) results, and (c) weight results.Table 2Summaries of outcomes over the course of the studyTreatmentDoseNSBP (mm Hg)Serum K^+^ (mmol/l)Weight (kg)All patientsMeanSD (SE for Δ)MeanSD (SE for Δ)MeanSD (SE for Δ)AmilorideBaseline9123164.40.482.520.5ΔLow8-5.14.50.90.2-0.90.6ΔHigh7-0.14.60.60.2-0.10.7HCTZBaseline9127134.40.383.021.8ΔLow9-8.04.40.00.2-0.60.6ΔHigh9-10.24.4-0.10.2-0.30.6High plasminogenMeanSD / error (for Δ)MeanSD / error (for Δ)MeanSD / error (for Δ)AmilorideBaseline4135144.50.391.324.9ΔLow4-11.86.71.00.3-0.70.8ΔHigh3-0.97.10.90.30.30.9HCTZBase4131194.50.393.825.4ΔLow4-10.16.70.10.3-1.10.9ΔHigh4-9.06.7-0.10.3-0.90.9Low plasminogenMeanSD / error (for Δ)MeanSD / error (for Δ)MeanSD / error (for Δ)AmilorideBaseline5113104.20.475.515.3ΔLow41.46.40.80.3-1.00.8ΔHigh41.16.30.40.3-0.50.8HCTZBase512354.30.274.416.0ΔLow5-6.76.00.00.3-0.20.8ΔHigh5-11.86.0-0.20.30.10.8[^3]

Serum K^+^ increased with amiloride treatment ([Table 2](#tbl2){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}). The estimated mean within-person increase in serum K^+^ was 0.9 ± 0.2 mmol/l in the amiloride group over the first 2 weeks of treatment, whereas it was unchanged (0.0 ± 0.2 mmol/l) in the HCTZ group, with a difference between the amiloride and HCTZ treatment groups of 0.9 ± 0.3 mmol/l. For those treated over the full 4 weeks of the study, levels of serum K^+^ were 0.6 ± 0.2 mmol/l higher in the amiloride group than at baseline, whereas levels decreased by 0.1 ± 0.2 mmol/l from baseline in the HCTZ group, with serum K^+^ levels increasing over the 4-week treatment period in the amiloride group by 0.7 ± 0.3 mmol/l more than those in the HCTZ group. Changes in serum K^+^ levels during treatment were significantly different between the amiloride and HCTZ groups (*P* \< 0.001).

[Table 2](#tbl2){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"} also summarize weights observed in the 2 study groups at baseline and at 2-week intervals during treatment. The estimated mean within-person decline in weight was 0.9 ± 0.6 kg over the first 14 days with low-dose amiloride, and for those treated with HCTZ, the estimated decline was 0.6 ± 0.6 kg. Average weight losses of 0.1 ± 0.7 kg and 0.3 ± 0.6 kg were observed during high-dose treatment with amiloride and HCTZ, respectively. Differences in weight changes between treatment groups were not statistically significant (*P* = 0.46). Our analyses excluded the 2 participants who dropped out of the study because of hyperkalemia and acute kidney injury.

Immunoblotting of urine samples was performed to assess levels of plasminogen and plasmin, which were combined and normalized to urinary Cr (uPl/Cr, [Figure 3](#fig3){ref-type="fig"}). We defined high uPl/Cr as ≥100 μg/g and low uPl/Cr as \< 100μg/g. Of the 9 study participants, 4 had high uPl/Cr at the start of the study, as assessed by immunoblotting ([Figure 3](#fig3){ref-type="fig"}). Surprisingly, 5 subjects had low or negligible levels. The individual measurements of either plasminogen or plasmin would have arrived at identical groupings of high versus low uPl/Cr.Figure 3Quantitation of urinary plasminogen plus plasmin. Aliquots of urine from 9 patients were subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis and immunoblotting with anti-plasminogen/plasmin antibodies (*n* = 3--6). Urine volumes analyzed were optimized for detection of plasminogen and plasmin by immunoblotting (10--300 μl) and are listed at the bottom of the figure. Varying amounts of pure plasminogen (4--43 ng) were included on the same blot to create a standard curve and establish levels of plasminogen and plasmin for each patient. A representative immunoblot (a) and corresponding standard curve (b) are shown for 7 patients. (Two patients consistently lacked a signal.) Line between samples 5 and 6 indicates where the blot was cut. Arrowheads indicate plasminogen (PG) and plasmin (P). Data from 3 to 6 analyses were normalized to urine creatinine (Cr), and values are presented in table format (c) and as a bar graph (d). (e) Correlation between urinary plasminogen plus plasmin per gram of creatinine and urinary albumin (Alb)/Cr. std, standard.

During the low-dose phase of the study, the SBP of those with high urinary Pl/Cr fell an estimated 11.8 ± 6.7 mm Hg with amiloride and 10.1 ± 6.7 mm Hg with HCTZ, and the SBP of those with low Pl/Cr rose by 1.4 ± 6.4 mmHg with amiloride and fell by 6.7 ± 6.0 mm Hg with HCTZ. During high-dose therapy, the SBP of those with high Pl/Cr fell by 0.9 ± 7.1 mm Hg with amiloride and by 9.0 ± 6.7 mm Hg with HCTZ, and the SBP of those with low Pl/Cr levels rose by 1.1 ± 6.3 mm Hg with amiloride and fell by 11.8 ± 6.0 mm Hg with HCTZ. Although these differences are intriguing, we are not able to conclude that uPl/Cr correlates with treatment effects on SBP (*P* = 0.23).

Differences in treatment effect on serum K^+^ in those with different Pl/Cr levels were smaller than those observed for SBP. For instance, among subjects treated with amiloride, serum K^+^ rose by 0.8 ± 0.3 mmol/l in the low-dose study phase for those with low uPl/Cr and rose by 1.0 ± 0.3 mmol/l for those with high uPl/Cr. As with SBP, we are not able to conclude that uPl/Cr correlates with the effect of amiloride on serum K^+^ (*P* = 0.70).

In the low-dose study phase, the weight of subjects with high uPl/Cr levels fell by 0.7 ± 0.8 kg with amiloride and by 1.1 ± 0.9 kg with HCTZ, and the weight of subjects with low uPl/Cr fell by 1.0 ± 0.8 kg with amiloride and by 0.2 ± 0.8 kg with HCTZ. In the high-dose study phase, the weight of subjects with high levels of uPl/Cr levels rose by 0.3 ± 0.9 kg with amiloride and fell by 0.9 ± 0.9 kg with HCTZ, and the weight of those with low levels of plasminogen fell by 0.5 ± 0.8 kg with amiloride and rose by 0.1 ± 0.8 kg with HCTZ. These differences were not statistically significant (*P* = 0.60).

In the amiloride treatment arm, urinary albumin/Cr decreased by 10% from baseline during the low-dose phase of the trial and by 15% during the high-dose phase of the trial. The estimated effects of HCTZ were 7% and 14% reductions in albumin/Cr over the low- and high-dose phases, respectively. These treatment effects on albumin/Cr were not statistically different from pretreatment albumin/Cr values. Amounts of Na^+^ excreted in urine over 24 hours measured before initiation of treatment with a diuretic, 4 days after initiation of the diuretic (HCTZ or amiloride), and at the end of the 2-week period of treatment with the diuretic did not differ significantly.

Our assessment of treatment feasibility suggests that there are risks associated with amiloride treatment in this patient population. Of the 9 subjects who received amiloride, 2 experienced a serious adverse event (hyperkalemia and acute kidney injury). While taking the higher dose of amiloride, 1 participant was found to have both elevated serum K^+^ (6.8 mEq/l) and an acute rise in serum Cr (1.57 mg/dl, up from a baseline of 1.26) in a protocol blood collection, with no physical complaints. The subject experienced decreases in BP of up to 14 mm Hg and decreases in weight of up to 3.4 kg over the course of amiloride therapy. He was promptly directed to the University of New Mexico Hospital emergency department where he was admitted overnight for treatment and monitoring. In addition to discontinuing the amiloride, he received i.v. fluids and standard hyperkalemia therapy. This participant experienced rapid correction of serum K^+^ and Cr with i.v. volume resuscitation, consistent with prerenal azotemia. The second participant experienced hyperkalemia (serum K^+^ of 7.8 mEq/l) and acute kidney injury (serum Cr was 1.51 mg/dl, up from a baseline of 0.76) with the lower dose of amiloride. This individual was also hospitalized, and amiloride was discontinued. She received i.v. fluids and medical therapy for hyperkalemia and experienced rapid recovery.

Discussion {#sec3}
==========

A growing body of literature suggests that ENaC activation occurs in patients with proteinuria because of proteases within the urinary space that cleave and activate ENaC, and that this process contributes to extracellular volume expansion and increased BP.[@bib24], [@bib25], [@bib26], [@bib27], [@bib35], [@bib49] In this setting, filtered plasminogen (inactive precursor) is converted to plasmin (active protease) by urokinase that is expressed in the lumen of tubular epithelia.[@bib24], [@bib32], [@bib33], [@bib34], [@bib50]

We expected that amiloride would substantially reduce the SBP and volume status by blocking both ENaC and urokinase,[@bib39], [@bib40] when compared with HCTZ. We anticipated enrolling 20 subjects, but the trial was stopped early because of safety concerns related to 2 episodes of acute kidney injury and hyperkalemia. It was our expectation that the selection of patients with normal kidney function, with a serum K^+^ in a range from 3.5 to 5.0 and the use of a standardized diet would mitigate hyperkalemia. We observed a significant increase in serum K^+^ levels among those being treated with amiloride. This is in contrast to our primary outcomes: there were no significant reductions in weight or in SBP with amiloride when compared with HCTZ ([Table 2](#tbl2){ref-type="table"}). Our inability to detect significant effects on BP and weight may, in part, be due to the small sample size that resulted from stopping the trial early. It is interesting to note that a recent study in which patients with type 1 diabetes with and without nephropathy were compared, significant reductions in SBP were observed in both groups with short-term (2-day) amiloride (20 or 40 mg/d) administration, whereas mean arterial pressure was significantly reduced only in the group with nephropathy.[@bib44] Another study of 80 individuals with type 2 diabetes and resistant hypertension demonstrated a beneficial effect with amiloride (5 or 10 mg/d), with a 6 mm Hg reduction in SBP.[@bib51] The study included individuals with and without proteinuria, and a 9% incidence of hyperkalemia (K^+^ \> 5.5 mEq/l) was reported.

The severity of hyperkalemia in our study was striking, given the multiple steps taken to mitigate it. The study protocol excluded patients with a history of hyperkalemia and an estimated glomerular filtration rate \< 60. The study also included a moderate Na^+^ and low K^+^ diet that was instituted before randomization. There was evidence for adherence to the low-K^+^ diet as demonstrated by self-reported dietary records, where among the 49 instances of self-reported diet, the average ± SD K^+^ intake was 1.6 ± 0.6 g, and only 5 instances of intake above 2.5 g were reported. It is not surprising that the addition of a K^+^-sparing diuretic to an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker in individuals with some impairment in renal function increases the risk of significant hyperkalemia.[@bib52], [@bib53] It remains unclear whether the risk of hyperkalemia would be adequately attenuated by novel agents to enhance intestinal K^+^ excretion when amiloride is administered to patients with diabetes also receiving an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker.[@bib54] The combination of a loop or thiazide diuretic and/or a lower dose of amiloride could also reduce the risk of hyperkalemia in this setting.[@bib55]

Although we expected to readily detect plasminogen and plasmin in the urine of patients with diabetes and proteinuria, we were surprised to find that 5 of 9 subjects had low or negligible levels according to immunoblot analyses. However, there was a correlation between the albumin/Cr and uPl/Cr, in agreement with findings from other groups.[@bib36], [@bib37], [@bib38] The differences in urinary Pl/Cr levels allowed us to examine whether high uPl/Cr is associated with a response to amiloride. We found that individuals with high uPl/Cr responded to low-dose amiloride with a fall in SBP by 11.8 ± 6.7 mm Hg. This is in contrast to an estimated increase in SBP by 1.4 ± 6.4 mm Hg with low-dose amiloride among those with low or negligible levels of urinary Pl/Cr. Lack of statistical significance (*P* = 0.16) may be attributable to low sample size. These findings suggest that, with a larger study population, we might observe significant reductions in SBP and weight with amiloride in individuals excreting readily detectable uPl/Cr in their urine.

The findings from this study should be interpreted in light of several limitations. First, the use of other antihypertensive medications such as an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker may have attenuated the effects of amiloride by reducing levels of hormones that are known to activate ENaC.[@bib56], [@bib57] These antihypertensive agents may also have contributed to the episodes of hyperkalemia observed in this study.[@bib52], [@bib53] Second, the BP of our study sample may have been too low at randomization to demonstrate a significant effect of amiloride. The BP of the study sample was lower at randomization than at baseline, perhaps owing to regression to the mean or to our moderate Na^+^ diet and dietary monitoring. Third, the initial dosing of amiloride was based on that used for patients with Liddle's syndrome. It may be that a lower dose of amiloride would have a better safety profile. Lastly, in this study, we explored whether amiloride had a differential effect among those with measurable uPl/Cr. A larger study prospectively measuring uPl/Cr would be needed to assess whether amiloride should be used in the subpopulation of patients with diabetes and proteinuria who have higher levels.

In summary, among individuals with normal renal function and proteinuria, we did not find evidence that amiloride was superior to HCTZ with regard to reductions in BP or weight. Furthermore, acute kidney injury and severe hyperkalemia were safety concerns with amiloride at a dose of 10 or 20 mg in patients with diabetes and proteinuria who were taking an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker. Our study was stopped early because adverse effects occurred, and the evaluations of the primary study outcomes, BP and weight, were inconclusive. Data collected from this study provide important preliminary data for future studies of amiloride in the context of proteinuria and plasminuria. uPl/Cr varies among individuals with proteinuria. Further studies are needed to determine whether uPl/Cr provides a more robust biomarker than albuminuria for those individuals with proteinuria who develop Na^+^ retention and increases in BP.[@bib38]
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[^1]: Of the 9 participants in the trial, 5 were randomized to amiloride followed by HCTZ (Amiloride -- HCTZ) and 4 were randomized to HCTZ followed by amiloride (HCTZ -- Amiloride).

[^2]: BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HCTZ, hydrochlorothiazide; SBP, systolic blood pressure.

[^3]: Baseline estimates are simple averages and SDs obtained across study participants at the appropriate period. ΔLow and ΔHigh estimates are estimates of change from baseline for the study participants at the end of the low-dose and high-dose periods, respectively. Summaries are presented overall and stratified by urinary plasminogen plus plasmin per gram of creatinine.
